Measurement of the radiative and non-radiative decay rates of single CdSe nanocrystals through controlled modification of their spontaneous emission We present a simple method to measure the radiative and non-radiative recombination rates of individual fluorescent emitters at room temperature. By placing a single molecule successively close and far from a dielectric interface and simultaneously measuring its photoluminescence decay and its orientation, both the radiative and non-radiative recombination rates can be determined. For CdSe nanocrystals, our results demonstrate that the fluorescence quantum efficiency, determined at the single molecule level, is 98% in average, far above the value expected from conventional ensemble experiments. The bi-dimensionnal nature of the transition dipole is also directly evidenced from a single particle measurement.
PACS numbers: 78.67.Bf,78.55.Et,33.50-j Among the variety of nanoscopic fluorescent emitters, colloidal CdSe nanocrystals have attracted growing attention. The spectral properties and the photostability at room temperature of these quantum dots (QDs) make them promising light sources for a wide range of applications, including quantum cryptography [1] , optoelectronic devices [2] or biological detection [3] . The study of their optical properties has greatly benefited from the advent of single-molecule techniques. When observed individually, QDs have indeed proved to be more complex than ensemble-averaged studies could have infered. Striking phenomena such as fluorescence intermittency [4] , spontaneous spectral shifts [5] and fluorescence-lifetime fluctuations [6] have been observed. The causes of these processes are not well established yet and, in light of the number of potential applications of QDs, a more detailed understanding of their emission properties remains necessary.
In this Letter, we present a simple method to obtain new information on the time-resolved fluorescence properties of single nanocrystals. Inspired by experiments on the fluorescence of layers of europium atoms placed on a dielectric interface [7] , we modified the electromagnetic interaction between a single CdSe QD and its optical environment while measuring the photoluminescence (PL) decay rate of the particule. It resulted in a controlled modification of the spontaneous emission from which both the radiative and non-radiative decay rates (k rad and k nrad ) were determined at the single QD level. From these data, we derived for the first time a singleparticle measurement of the emitting state quantum efficiency Q = k rad /(k rad + k nrad ), i.e. the probability for a QD in its lowest-excited state to relax by emitting a photon.
In our experiments, CdSe/ZnS core-shell nanocrystals (1.7 nm core radius, λ 0 = 560 nm peak emission) were spin-coated on a glass coverslip and covered by a layer of polymethyl(methacrylate) (PMMA) ( Fig. 1 ). Profilome- try measurements indicated that the PMMA layers were uniform over the sample with a thickness d = 45 ± 3 nm. Since the glass coverslip and the PMMA layer have a similar index of refraction (n glass =1.52 and n PMMA =1.49), the QDs were considered as embedded in a homogenous medium with refractive index n = 1.50 and located at a distance z = d from a glass/air interface. To modify the QD fluorescence properties, a thick (¿200 µm) drop of polydimethylsiloxane (PDMS, n PDMS =1.45) could be placed at any time on the sample. The effect of this additional optical medium is to remove the glass/air interface and to place the QDs in an unbounded medium with an index n approximately equal to 1.5 [8] . The experiment thus consists in measuring the PL decay rate k = k rad + k nrad before and after deposition of the PDMS droplet. Since the QD is protected by the layer of PMMA, its immediate environment is not affected by the PDMS and k nrad can be assumed to remain constant. Consequently, changes in k result only from modifications of k rad .
The key point is that k rad depends on the optical environment of the emitters. For an emitter in an unbounded dielectric medium with refractive index n, the Fermi golden rule indicates that the radiative decay k rad is enhanced by a factor n compared to k vac rad , its value in vacuum. This result holds as long as the emitter is at a distance z > λ from any dielectric interface. When z < λ, detailed theoretical investigations [9] indicate that the spontaneous emission rate k rad strongly depends on d, on the dipole orientation and on the refractive indexes at the interface. Experiments performed on layers of europium atoms [7] successfully resolved the predicted z dependence of k rad . Recently, single-molecule experiments in far field microscopy also observed the expected orientational dependence of k rad at a given distance [10, 11] . In the following, we note α = k rad (d)/k ∞ rad the ratio of the radiative recombination rate of the emitter at distance z = d from the interface to k ∞ rad = nk vac rad , its value in an unbounded medium.
In general, approaching an emitter close to an interface with a medium having a lower refractive index results in a decrease of k rad , i.e α < 1 [9, 12] . In our case, adding a thick droplet of PDMS on the sample amounts to changing the emitter/interface distance from z = d to z = ∞ and thus increasing k rad by a factor α −1 . This factor α translates into a change β = k(d)/k ∞ of the PL decay rate (Fig. 2) which is experimentally obtained by successively measuring k(d) = αk ∞ rad + k nrad and k ∞ = k ∞ rad +k nrad . These measurements, combined to the computation of α, directly provide the values of k ∞ rad , k nrad and the quantum efficiency of the emitter far from the interface
. The method was first tested on an ensemble of QDs excited at 400 nm by a pulsed laser diode (LDH400 Pi-coQuant). The fluorescence photons were collected by a microscope objective (1.4 NA, 100× Olympus Apochromat) and sent to an avalanche photodiode followed by a time-resolved photon counting card (TimeHarp200, Pi-coQuant). The PL intensity and decay were recorded before and after the PDMS droplet deposition in the timetagged time-resolved (T3R) acquisition mode. The PL decay curve in each 100 ms time bin was found to be monoexponential [18] and was fitted accordingly using a Gauss-Newton method ( Fig. 2a-b) . The droplet deposition caused an increase of the PL decay rate k by a factor β −1 = 1.14 (k ∞ = 55µs −1 ).
The computation of α, necessary to deduce the value of Q, requires in principle to take into account the nature of the transition dipole of QDs. For CdSe nanoparticles, the two degenerate emitting excitonic states have an angular momentum projection ± along the c-axis of their hexagonal crystal structure [13] . In contrast to most fluorophores which have linear emission dipoles, the QD transition dipole is therefore circular (2D degenerate) and located in a plane perpendicular to its c-axis, as demonstrated both at low and room temperature [14] .
Using expressions given in [9] , we numerically computed α for a dipole perpendicular or parallel to the interface and obtained α ⊥ = 0.61 and α =1.00 for an emitter at a distance d = 45 nm from the interface [15] . However, averaging α over uniformly oriented 1D or 2D dipoles leads to the same value < α >= (α ⊥ + 2α )/3 = 0.87. An ensemble measurement can not discriminate between 1D or 2D dipoles but it can nevertheless provide an estimate for Q. For this sample, we deduced < k ∞ rad >= (β − 1)k ∞ /(< α > −1) = 52µs −1 , < k nrad >= 3µs −1 and Q =0.94 ±0.15, the uncertainty resulting from the uncertainties over both d and β (β = 0.88 ± 0.01).
To avoid ensemble averaging and to probe the orientational dependence of α and β, further investigations were conducted on single emitters. For each QD, its orientation was determined by defocused imaging, a technique previously introduced for linear dipoles [16] . This technique consists in moving the microscope objective, originally in focus, toward the sample by 1 µm and then recording a fluorescence image. This defocused image is an expression of the emitter radiation pattern, which for CdSe QDs results from the sum of the patterns corresponding to two orthogonal 1D dipoles with equal amplitudes. From the anisotropy of the defocused image [16] , one unambiguously deduces the 3D orientation of the nanoparticle and, in particular, the value of the angle δ between the QD c-axis and the sample plane (with an accuracy of ∼ 10 • ) ( Fig. 1c ) [17] . For a an 'horizontal' QD with its c-axis parallel to the coverslip (δ = 90 • ), the defocused spot has an axial symetry along a direction perpendicular to the caxis (Fig. 3a) . In contrast, a 'vertical' QD (δ = 0 • ) leads to a defocused pattern with a circular symetry around the optical axis (Fig. 3d) .
In single-QD measurements, the fluorescence intensity was recorded for each particle before and after the deposition of PDMS. To account for the fluorescence intermittency of individual QDs, the PL decay rate was calculated during bright periods for which the intensity is high. Here again the decay was well described by a monoexponential curve, consistent with previous observations (Fig. 3b-e ) [18] . We first studied the change of PL decay rate for horizontal QDs for which α = (α ⊥ + α )/2 = 0.8. Upon droplet deposition, the mean k increased by a factor β −1 = 1.24 ( Fig. 3c ). For this QD, we therefore deduce Q = 0.95 ± 0.15. When averaged over 8 horizontal QDs, the mean value of Q was 0.97 with a standard deviation (s.d.) 0.08.
For vertical QDs, the deposition of a PDMS droplet did not modify the PL decay rate (β = 0.99 on Fig. 3ef ). This observation is consistent with both linear components of the 2D dipole being aligned within the sample plane. In this case, α = α is very close to 1 and no significant change in k is expected. Although measurements for vertical QDs do not allow for a measurement of Q, they provide a simple demonstration of the 2D nature of the emitting dipole. For a linear dipole, a circularly symetric defocused pattern is obtained when the dipole is perpendicular to the sample plane. In this case, α = α ⊥ is maximum and β = 1 + Q(α − 1) should be significantly lower than 1, in contrast with the experimental result. Previous experiments demonstrating the 2D nature of the transition dipole in CdSe nanocrystals were based on polarization measurements [14] . The distribution of the polarization anisotropy in the QD emission was compared to the one for DiI molecules which have a linear dipole. Assuming that the orientations of the particles were uniformly distributed, disagreement between the two distributions led to the conclusion that QDs had a 2D degenerate emission dipole. In comparison, our method does not require any assumption on the orientational distribution and the nature of the transition dipole is directly deduced from a measurement on a single QD.
Further data were taken to probe the value of Q for QDs with an orientation intermediate between δ = 0 • and δ = 90 • . The results indicated that all individual QDs had a very high quantum efficiency (Fig. 4) . The homogeneity of the measured quantum efficiencies was actually consistent with the value of Q inferred from the ensemble measurement. When averaged over 21 particles (all with δ > 45 • to allow a precise determination of Q), the mean quantum efficiency was equal to 0.98 (s.d. 0.11).
The dependence of Q with the core radius was also investigated using other samples of CdSe/ZnS QDs having a peak emission at 535, 585, 600 and 610 nm (corresponding to core radii of 1.4, 1.9, 2.2 and 2.4 nm respectively). For each of these samples, we performed an ensemble measurement using the procedure described above and values of Q higher than 95% were systematically found. This observation confirms that quantum efficiencies close to 1 are a common property of CdSe/ZnS QDs, as recently suggested (but not demonstrated) on the basis of the homogeneity of the single-QD lifetimes [18] .
The brightness of a QD sample is conventionally characterized with a cuvette measurement of the quantum yield χ. In these measurements, χ is obtained by comparing the PL intensity between a solution of QDs and a solution (having the same absorption) of reference molecules (such as rhodamine in ethanol). For our sam-ples, χ was on the order of 30 %, comparable to values typically reported for CdSe/ZnS core-shell quantum dots [19] but well below the values of Q that we measured. Several factors can account for this discrepancy. Firstly, χ corresponds to the probability of emitting a fluorescence photon given that a pump photon have been absorbed. It can thus differ from Q if the electron-hole pair can recombine non-radiatively during its rapid transfer from the highly-excited state after pumping to the lowest-excited (emitting) state. Secondly, in a cuvette measurement the fluorescence intermittency of individual QDs is not taken into account and the fraction F of QDs that indeed emit photons is not evaluated. All the QDs are assumed to be fluorescent and, as a result, the value of χ tends to be underestimated. The fraction F has been determined using different experimental techniques [20, 21, 22] and values of F on the order of 20-50 % have been reported, possibly explaining the difference between Q and χ.
Our findings unambiguously demonstrate that the recombination process of the emitting state in CdSe QDs is almost entirely radiative, reinforcing the image of QDs as artificial atoms. From our data, one deduces k nrad ≈ 1 µs −1 which, considering the accuracy of our single-molecule measurements, should only be considered as an upper bound. This value was compared to the result of a simple particle-in-a-box model in which the first quantum confined state is coupled by resonant-tunnelling to a surface trap state [23] . For a 1.7 nm core radius CdSe nanocrystal coated with a 1 nm ZnS shell, k nrad as low as 1 µs −1 implies that no resonant trap can be located closer than the outer ZnS surface of the QD. This suggests that the ZnS passivation layer efficiently removes all non-radiative traps from the CdSe core surface.
Finally, our experiments provide a value of 17.0 (s.d. 2.0) ns for the average radiative lifetime 1/k ∞ rad (Fig. 4 ), corresponding to a lifetime of 25.5 ns in vacuum. We calculated the radiative lifetime at room temperature based on the electronic structure of CdSe nanoparticles described in [13] and found, for spherical QDs emitting at 560 nm in vacuum, a value of 31 ns, in reasonable agreement with the experimental result. This discrepancy might be explained by the strong theoretical dependence of 1/k ∞ rad on both the ellipticity and the emission wavelength of the particle.
In conclusion, we used a simple method to modify in a controlled manner the spontaneous emission rate of individual QDs. Combined with a determination of the QD orientation, this method yielded the values of both the radiative and non-radiative decay rates of individ-ual nanocrystals. The resulting quantum efficiency was found to be close to unity for all the QDs. Our method is not restricted to QDs and should find applications for the study of other fluorescent species.
